Abstract-A novel robotic device, aimed at assisting a urologist in performing prostate biopsies guided by an endorectal ultrasound probe, is described.
I. INTRODUCTION
Among applications that are widely addressed in the domain of medical robotics, positioning a needle in a patient's prostate has received a particular attention over the past decade. Indeed, this application has a large health impact, while exhibiting a number of technical difficulties for which robotics is expected to provide some help.
Cancerous cells can develop in the prostate, which is a gland belonging to the masculine reproductive system. The medical examination leading to a prostate cancer diagnosis is prostate biopsy. It consists in sampling the prostate tissue using a biopsy needle. A proper examination includes twelve samples equally distributed across the prostate volume. Most often, the biopsy needle is positioned and guided by endorectal ultrasound imaging. In 2013, 238.590 new prostate cancer cases have been detected leading to hundreds of thousands biopsy procedures in the USA [1] . Meanwhile, although radical prostatectomy (i.e. surgical ablation of the prostate) remains the most common treatment procedure, novel therapeutic approaches are developed. Among them, brachytherapy, which consists in inserting radioactive seeds with a needle across the prostate volume in order to irradiate the cancerous tissue, is known to generate less side effects than surgery [2] , [3] .
A major technical difficulty for both prostate biopsy and brachytherapy arises from the required precision for the needle placement. For a biopsy procedure, a precision of a few millimeters for the placement of the biopsy needle tip is desired. In brachytherapy, the desired positioning precision, which is computed in order to optimize the exposure to radiations across the prostate by a dose planning algorithm simultaneously to the seeds activity typically reaches 3 mm. Meanwhile, the prostate has a variable volume, experiences displacements up to 1 cm or more, and significantly deforms when needles are inserted or when an imaging device such as an ultrasound probe is placed in the rectum in order to monitor the needle placement [4] , [5] .
It is also important to note that although the technical issues are similar between biopsy and brachytherapy, these two applications face different medico-economic constraints: for a diagnosis biopsy, the duration of the operation as well as the cost of the intervention are more constrained than for a brachytherapy. This probably explains why the literature proposes a wide diversity of approaches and solutions for robotic assistance to needle placement in a patient's prostate. These solutions differ from each other by several technical options for the imagery modality, needle access, robot kinematics and level of automation, see the state of the art analysis detailed in Sec. II.
In Sec. III, we describe the proposed system, which is aimed at assisting prostate biopsies. It is based on the comanipulation concept: a robot holds an endorectal 3D ultrasound probe, which is simultaneously manipulated by the urologist. The registration of the robot with respect to the prostate is made directly from the 3D ultrasound image and using a registration software provided by Koelis (Urostation), [6] . In Sec. IV, the control law proposed for the robot blocking is presented. Finally, in Sec. V, we show experimental results of this system, using both in vitro experiments and validation made in cadavero.
II. ROBOTIC NEEDLE PLACEMENT IN A PROSTATE
As mentioned in the introduction, a number of robotic systems for assisting needle positioning in a prostate have been proposed in the literature, see an exhaustive review in [7] . They differ from each other by several technical choices.
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A. Needle access
Needles can be placed in the prostate either through transperineal access, [7] - [14] , or through transrectal access, [15] , [16] . For a biopsy procedure, transrectal access is usually preferred. The patient is placed in a lateral decubitus position or in a lithotomy position and a local anesthesia of the rectal region is performed. The patient is awake and may move during the procedure. Endorectal needle placement is associated with endorectal ultrasound imaging (USI): the needle guide is attached to the USI probe. It is important to note that the biopsy needle is not bevelled and has a diameter of approximatively 1mm, thus its bending is insignificant. The target area of the needle is on the needle guide axis. As a result, the needle position is known in the probe image frame. Prior to its insertion it can be visualized by a straight line on the screen displaying the image.
Transperineal needle placement is generally used for brachytherapy. Here, the patient is placed in the lithotomy position. Some authors also suggest the use of transperineal access for biopsies [17] , but the procedure seems longer and the requirement of a total anesthesia seems not compatible with the medico-economic constraints. One advantage of transperineal access is that multiple needles can be inserted simultaneously.
B. Imagery and registration
Since the prostate deforms and moves with physiological movements and when needles are placed, it is required to monitor the needle placement via real time imaging. Throughout the literature, authors propose to use USI [7] , [18] , [19] , MRI [17] , [20] , [21] or CT Scan [8] .
USI provides either 2D planar images in real time or 3D images at a few seconds rate. 2D USI is often coupled with a stepper: thanks to successive incremental penetration movements of the probe, a series of parallel cross-sections is acquired and assembled to provide a 3D image [9] - [11] , [13] , [18] , [19] . USI is largely available in urologist consulting rooms at a reasonable cost.
MRI and CT scan imaging provide better images at a higher cost and lower frequency. MRI also imposes drastic constraints on the design of the robot due to magnetic compatibility [17] , [20] and CT scan poses problems due to irradiation doses for both the urologist and the patient.
One important issue when coupling a needle placement robotic assistant to an imagery system is the registration of the robot end-effector frame F e , in which the location of the needle frame F n is known, with the image frame F i , in which the prostate is to be localized by imagery. When using MRI or CT scan, this can be done at the beginning of the procedure by imaging the robot and identifying characteristic points of the robot in the image. From this, the homogeneous transform T i→e between F i and F e is known at any time. Thus, when imaging the prostate in F i , it is straightforward to compute the location of the prostate in the robot endeffector frame.
Since the needle guide is fixed with respect to the probe, there is no need to register the robot and the needle when using endorectal USI: T i→n is fixed and known in advance. However, it is still required to register the F e with the prostate. This can be done by recording a first 3D image I 0 of the prostate at an initial position. To do so, one needs to know the location of the probe frame in the robot end effector frame, which is done thanks to standard calibration procedures [22] . From then on, some authors propose to use the robot joint sensors to measure the displacement of the probe with respect to the prostate during operation. However, this may lead to errors because of the prostate movement during the procedure [4] . It seems more precise to use 3D USI since a 3D image can be taken from any position and orientation of the probe. It can thus be register to I 0 to estimate the displacement of the probe (thus of the robot and needle) with respect to the prostate. In this case elastic registration is desirable due to the prostate deformation. An iconic registration method has been proposed for fast and robust application in [23] , and used as a localizer in a robotic system in [7] . Nowadays this technology is commercially available through a system called Urostation, developed by the French company Koelis. It is approved for clinical practice (CE, FDA).
C. Robot kinematics
The number of Degrees of Freedom (DoFs) required to place the tip of a needle at an arbitrary position with an arbitrary needle axis orientation is 5 and not 6, since the rotation of the needle around its penetration axis does not affect the tip position nor the axis orientation. Some authors use 6 active DoFs, the actuation of the rotation around the needle axis being used to improve the needle penetration through the perineum [7] .
When the robot manipulates an endorectal USI probe, the anus plays the role of a 2 DoFs kinematic constraint. Only 4 DoFs are to be used: 3 rotations around the penetration point and 1 translation along the penetration axis. This has led to the design of robots exhibiting a remote center of motion [10] . A clear benefit of this approach is that only 4 actuated degrees of freedom are required, which participates in reducing the cost. A major drawback is that, prior to operation, a setup phase is required to place the remote center of motion which is fixed with respect to the robot base so as to coincide with the patient's anus. Furthermore, urologists can use the human tissue elasticity and lightly press against one side of the rectum to achieve a particular needle placement. This leads to a displacement of the rectum with respect to the prostate that has been observed in [24] . Due to other geometrical constraints (anatomical and from needle guide placement that should grant an easy access to the urologist), it seems to be useful to produce small movements that do not strictly leave the entry point at a fixed position.
D. Degree of automation
Systems proposed in the literature also differ in their level of automation. Some devices are fully automated: the robot is registered with respect to the prostate, the needle desired location is given by a pre-operative planning and the robot autonomously places the needle [11] . Other devices are comanipulators, in that sense that the gesture control is shared by the robot and the urologist. The most frequent scenario for this approach involves the robot placing the needle guide and the needle itself being placed by the urologist [10] , [15] , [19] .
III. PROPOSED SYSTEM
The research presented in this paper is dedicated to the development of a robotic assistant to prostate biopsies. Its main objective is to bring significant improvement in terms of precision and reliability of the needle placement. Secondary objectives include: minimal changes to the current clinical practice, no increase of the biopsy procedure duration, minimal robot installation time and limited additional cost. This has led us to make the following choices:
• An endorectal 3D end-fire ultrasound probe is used for the imagery along with a 3D USI-USI registration algorithm [23] . • The comanipulation paradigm is used to position the probe (and therefore, the needle) with respect to the prostate: the robot and the urologist simultaneously manipulate the probe. In this paper, the robot is either blocking the probe motion or letting the urologist freely move the probe. In the scenario, the urologist navigates thanks to 3D or 2D USI and, when he/she has reached the position corresponding to a desired biopsy, he/she blocks the probe. With free hands, the urologist can image the prostate, register the current prostate 3D image with the initial image, visualize the needle position in the prostate and proceed to the biopsy through the needle guide. Note that such a robot could be used for other assistance functions, such as displaying forces in relation to a deformation measured in the ultrasound images in real time, following the principle presented in [25] .
• In order to avoid a fastidious setup, where the position of the robot base with respect to the patient's anus is to be finely tuned prior to operation, a 6 DOF kinematics has been preferred to a remote center configuration.
A picture of the comanipulator is given in Fig. 1 . In the following, we detail the robot kinematics and its actuation system.
A. Robot kinematics
As emphasized from clinical data in [24] , during a prostate biopsy procedure, the workspace for the probe axis can be modeled by a cone, whose origin coincides with the anatomical entry point, and whose angle is typically 60 degrees, see Fig. 1 , upper left corner. The rotation of the probe around its penetration axis is typically more than 300 degrees, as it is used to position the needle guide, whose axis is parallel to the probe penetration axis.
A 6 DoF robot has been designed to be compatible with this workspace, while the robot base is placed on the examination table at a typical distance of 40 cm from the entry point. It is made of 6 pivot joints serially assembled according to a conventional anthropomorphic geometry: the 3 first pivot joints' axes, namely a vertical axis followed by two parallel horizontal axes, form the shoulder and the elbow while the three last pivot joints' axes, coinciding at a point P, form a wrist, see Fig. 1 . The geometry is completely described by Table I according to Denavit and Hartenberg notation, [26] , along with the frames F i attached to each body.
TABLE I DENAVIT AND HARTENBERG PARAMETERS OF THE COMANIPULATOR
The last pivot axis is designed in such a way that it leaves a 8 cm diameter cylindrical hole whose axis coincides with the rotational axis. Therefore, an interface part can be designed to adapt to any specific probe shape and to connect to the robot end-effector. This part is fixed on the probe and can be placed into the robot end effector thanks to a mechanical connector involving magnets, see Fig. 2 
B. Actuation
The robot shall be able to apply forces to block the system at an arbitrary position. Conventionally, in robotics, blocking a joint can be done either by an electric motor that is servoed to a fixed position with a high gain (resulting in a high stiffness) or by an electromagnetic brake (which provides an infinite stiffness when not sliding). Electromagnetic brakes present the advantage of a relatively high ratio between the resistive torque and the actuator mass, when compared to an electric motor. They are also significantly cheaper and the control electronics are simpler than for an electric motor. However, they present the drawback of poor controllability: the brake is either on, resulting in an infinite stiffness (as long as the maximum resistive torque is not reach) or off, resulting in null stiffness. When designing the actuation system, we had to consider:
• the total mass of the robot, which should be minimized in order to ease the comanipulation in the free mode. This argues for the use of brakes.
• the cost of the device, that should remain low enough in order to make it possible for a transfer to clinical practice. This, again, led us to opt for brakes.
• the requirement for possibly modulating the stiffness to a low value during the blocked phase. Indeed, the patient is awake during the procedure and only benefits from a local anesthesia. Therefore, it is frequent that the patient moves during an examination. This argues for the use of motors.
As a compromise, a hybrid actuation mode was chosen. For the three first robot joints, electric motors are chosen. They will allow to emulate a spring behavior with controllable stiffness for the wrist center point P, see Sect. IV. In order to ease the comanipulation in the free mode, resistive forces have to be limited. To this aim:
• the motors are placed near the robot base, in such a way that their mass does not significantly affect the comanipulator inertia.
• a cable transmission is used to limit joint friction.
• load springs are mounted on joints 2 and 3 to compensate for the robot weight.
Each motor (Maxon RE35) is equipped with an optical encoder for position measurement. In the low level electronics, a current loop allows controlling of the motor torque. For the three last joints, brakes (Kebco 01.P1.300) are used as they provide a solution for applying a high resistive torque with a low mass. Each brake is equipped with a potentiometer to measure the joint position. The robot was manufactured by the French company Haption, [27] , and exploits the Haption technology dedicated to high force haptic interfaces for the three first joints.
All the characteristics of the actuation system are summarized in Table II . 
A. Actuators control input
The control of the brakes is binary: the brakes are either blocked, which corresponds to the unpowered state or free, which corresponds to powered state. Therefore, in case of a loss of power, the wrist is frozen to its configuration.
The control input for the three first joints' motors is the current i i , i ∈ {1 · · · 3}, which corresponds to a joint torque τ i up to a scalar factor k τ i accounting for the motor torque constant and the transmission ratio:
In the following, the torque is considered as the control input for the three first joints' motors, knowing that the corresponding input current can be computed thanks to Eq. (1).
B. Force transmission model
The computation of the torques for the free mode and the blocked mode is primarily based on the kinematic model:
where v a/b (M) stands for the velocity of point M produced in the motion of frame F a with respect to frame F b , ω a/b stands for the rotational velocity of frame F a with respect to frame F b ,q = θ 1 · · ·θ 6 T is the joint velocity vector, J is the 6 × 6 robot jacobian matrix at point P and J v1 , J ω1 and J ω2 are 3 × 3 jacobian sub-matrices. Note that the upper right null sub-matrix indicates that the three last joint movements do not affect the velocity of point P.
In the rest of the paper, we will assume full rank for J (and thus for J v1 , J ω1 and J ω2 ), which is practically guaranteed in the prototype due to joint physical limits that leave kinematic singularities out of the workspace.
Due to kinemato-static duality, the transpose of the jacobian matrix defined in Eq. (2) can be used to map an external wrench applied to the environment through the end-effector to the vector of joint torques τ = τ 1 · · · τ 6 T :
where f 6→ext is the force applied by the robot end-effector on the environment and m 6→ext (P) is the moment applied by the robot end-effector on the environment at point P.
In the free mode, the brakes being inactive, the joint torques τ 4 to τ 6 are null. Therefore, from the second line of Eq. (3), it can be seen that the exerted wrench has a null moment at point P : m 6→ext (P) = 0. In other words, Eq. (3) simplifies to:
In the blocked mode, as long as the brakes are activated and do not slip, bodies 3, 4, 5 and 6 of the robot constitute a same solid body. Both a force and a moment can be applied to the probe at point P, but only three actuators are controlled. The mapping from an external wrench applied to the probe to the three active joints torques is obtained by the dual of Eq. (2) when considering that the three last joint velocities are null:
C. Gravity compensation
The robot links weight is balanced by counterweights and springs in such a way that there is no need for compensation of the robot weight by the actuators. However, to ease the comanipulation in the free mode and to cancel weight disturbances in the blocked mode, it is desirable to compensate for the weight of the probe and its interface. The external wrench applied to the probe and its interface at point P, due to gravity is:
where m and G are the mass and the center of gravity of the probe and its interface, g is the gravitational field vector and d GP is the vector from G to P.
Compensating for gravity straightforwardly derives from Eq. (4) and Eq. (6) in the free mode :
The resulting behavior, when applying this control law in the free mode, is that weight moments at point P are not compensated for. It is indeed impossible to compensate for weight moments at point P due to freed rotations around point P. Assuming that m and G are perfectly known, only gravity is compensated for. In other words, without any other external efforts than gravity, when applying control law Eq. (7), P stays still but the probe orientation around P is free and influenced by gravity. In the blocked mode, combining Eq. (5) and Eq. (6) leads to the following controller for gravity compensation :
The resulting behavior is that the gravity wrench is balanced by the three motor torques. In other words, the point P and probe orientation stay fixed without any external effort other than gravity.
In the following, gravity is supposed to be perfectly compensated for by the control law (7) in the free mode and by the control law (8) in the blocked mode. For notation simplicity, gravity forces and their compensation are omitted.
D. Stiffness control for the blocked mode
To emulate an elastic behavior with a controllable stiffness in the blocked mode, the applied control law is:
where k is a stiffness coefficient, b is a viscosity coefficient used for damping out oscillations, x is the position of point P in the fixed frame F 0 and x ref is the reference position for P. In practice, x ref is the end-effector position that is recorded when the urologist activates the blocked mode from the free mode. In other words, it is the position where point P shall remain fixed in the blocked mode.
If an external wrench [f ext→6 , m ext→6 (P)] is applied to the probe, the equilibrium condition obtained by combining Eq. (5) and Eq. (9) forẋ = 0 writes:
Therefore, a spring behavior with a stiffness k is obtained at point P when pure forces (i.e. wrenches with a null moment at point P) are applied. Most likely, both external forces and moments at point P will be applied to the probe by the environment during a biopsy procedure. This will result in a displacement of the probe in position and orientation.
Computing this displacement allows to fully determine the 6 DOF stiffness matrix, see the Appendix at the end of the paper.
E. External integration
In the blocked mode, it is desirable to tune a low stiffness for security reasons. Indeed, during a biopsy procedure, the patient may move and the resulting forces should not be too large. In practice, a stiffness as low as k =200N/m will be selected. However, in this case, the efforts applied to the rectum and the prostate may induce large displacements.
A typical scenario is the following: the urologist manipulates the probe in the free mode and positions the probe for a biopsy. Doing so, he/she exerts forces on the rectum and the prostate to ensure correct positioning with tight contact between the probe and the rectal wall for proper imaging. An equilibrium is reached between the wrench applied by the urologist and the wrench applied on the patient. The urologist then turns the system into the blocked mode and releases the probe, which should stay still. But since the urologist efforts disappear, only the wrench applied on the patient remains and creates a displacement of the probe according to Eq. (10).
To compensate for this, an outer integral compensation is added. The reference position is changed with a rate:
where λ is a scalar gain in s −1 and x ref 0 = x ref when the urologists sets the blocked mode on. In other words:
Thanks to this integrator, when the urologist releases the probe after switching on the blocked mode, the probe initially moves due to the wrench applied to the patient, but then returns to its desired position thanks to a modification of the reference position.
Combining Eq. (12) with Eq. (9), one finally gets a controller in the blocked mode that could be written as an equivalent conventional PID compensator for the position error, see Fig. 3 . The particularity here is the external loop implementation for the integrator and the associated tuning method: a low stiffness k is first chosen; then, potential oscillations are damped out by progressively increasing b; finally, the external integral gain λ is chosen to tune the time required to compensate for a disturbance. Again, it is not required to select a high value for λ . A slow compensation will ensure a correction of the position within a few seconds, which is acceptable for the application. It will not significantly change the stiffness at the frequencies that are typical for human-robot interaction (from 0.5 to 3 Hz). Furthermore, for safety reasons, the integration can be stopped either when the error becomes null, after a few seconds, or when the force applied by the controller exceeds a tunable limit. The tuning of the controller requires setting 3 scalar parameters. First a low stiffness (k = 200 N/m) is chosen for security reasons, since a movement by the patient should not generate large forces). With such a low stiffness, it was experimentally found that the residual joint friction of the device, although rather low, was sufficient to damp out the oscillations without using velocity feedback. Therefore, a viscosity b = 0 was selected. Finally, the external integrator was tuned thanks to experiments in which an error of 1 cm induced by an external load can be corrected in approximately 5 second thanks to integration. This lead to λ = 4 s −1 .
B. In vitro experiments
The ability of the proposed system to maintain a probe at a given position was evaluated during in vitro experiments involving comanipulation of the probe inserted in a prostate phantom (model 053, manufactured by CIRS). Figure 4 shows the setup. The subject is asked to position the probe extremity in contact with the rectal wall toward the prostate while exerting a slight pressure. This corresponds to the clinical configuration, where the urologist pushes the probe in contact with the rectal wall in order to properly image the prostate. When he reaches the desired position, the user sets the blocked mode and then releases the probe. The user is asked to present the probe with five different orientations covering the angular workspace (central, up, down, left, right). Four modes of control are tested, as defined in Table III Comparing Modes 1 and 3 with Modes 2 and 4 allows for verifying the effect of the external integrator while comparing Modes 1 and 2 with Modes 3 and 4 allows for verifying whether the brakes should be kept or not for future versions of the comanipulator. Note that in Mode 2 and 4, the integrator is stopped after 10 seconds. The system then stays still with only the low stiffness inner controller running. Figure 6 shows the maximal error norm and the steady state error norm for the five experiments in the four modes. As expected, the right column shows that the steady state error is null with the integrator, independently from the fact that the brakes are ON or OFF. The benefit of using brakes lies in the fact that the orientation is maintained constant by the brakes (up to their stiffness, which is high). Therefore, the orientation of P can be kept still as well as its position. Furthermore, when the brakes are OFF, it can be seen in Fig. 6 that the maximal (transient) error is significantly increased at point P. 
C. In cadavero experiments
Experiments have been conducted in cadavero at the Surgical School of Assistance Publique -Hopitaux de Paris. Two urologists were comanipulating the system.
A first aim was to verify the geometry. The two urologists were asked to scan the whole prostate with the probe using the ultrasound image, as they would do during a conventional examination. It appeared that the robot workspace was satisfying whether the cadaver was in left lateral decubitus or in lithotomy position, lying down with feet in stirrups. No fastidious setup was required for any of the two body positions: the robot was simply positioned on the table or on a stool, without precise pre-positioning. The first attempt for placing the robot base was satisfactory and convenient to perform all the experiments in both patient positions. Moreover, the urologists declared they felt comfortable and not disturbed in their gesture by the robot in free mode.
Blocking tests were then performed while the probe was inserted in the cadaver rectum and the urologist manipulating the probe was pointing a desired location for a hypothetic biopsy. When the experiments were performed, the controller did not use an external integrator (λ = 0 for these experiments). The stiffness of the inner loop was higher (k ≈ 2000 N/m). Therefore the steady state positioning error at point P was not null. The average measured probe steady state positioning error for point P was 0.6mm across 20 blocking experiments in different configurations.
During the blocking experiments, the change of position of the probe was also measured thanks to 3D USI provided by the probe: before blocking, the urologist acquired a first 3D image. Then, after blocking, another 3D image was acquired. Iconic registration of the two 3D images was then performed thanks to the algorithm provided in [23] . It was found that the average displacement was 3.1 mm and 3.4 degrees. These results indicate that the orientation changes, in such a way that the probe extremity moves more than point P. This is interpreted as a consequence of the non-infinite stiffness of the brakes and the wrist structure. Nevertheless, the precision obtained during this experiments is compatible with the precision required for the gesture.
VI. CONCLUSION
In this paper, we presented the design of a comanipulator for assisting endorectal prostate biopsies. This lightweight system based on conventional robotic components possesses 6 degrees of freedom but uses only 3 electric motors and 3 basic brakes. It features a free mode, where its low friction and inertia allows for natural manipulation of the probe, and a blocked mode, exhibiting both a very low stiffness and a high steady state precision. It can be registered to the prostate by the use of 3D-3D USI registration algorithms. A step toward clinical application was made thanks to in cadavero experiments, as the robot appeared to bring significant help in the blocked mode while not disturbing the urologist in the free mode. Current developments include a quantified characterization of the ease of manipulation in the free mode and a quantification of the brakes and wrist stiffness. Indeed, in cadavero experiments, coupled with ultrasound imaging of the prostate, emphasized that the orientation is not kept exactly constant by the system. One future development will deal with expressing the control reference in the ultrasound image frame (visual servoing), in order to improve the effective precision.
APPENDIX
In order to compute the 6 DoF stiffness matrix arising from the control law Eq. (9), let's recall that when an external wrench [f ext→6 , m ext→6 (P)] is applied to the probe, the equilibrium condition is written as:
Assuming an infinitesimal displacement (x ref − x) = δ P for point P, one gets a joint displacement δ q of the three first joints (the three last joints staying still due to the brakes):
which corresponds to an infinitesimal rotation:
Combining this three last equations leads to:
f ext→6 m ext→6 (P) =k δ P δ r , which defines the 6 DoF stiffness tunable by the scalar k.
